Direct cardiac cellular reprogramming of endogenous cardiac fibroblasts directly into induced cardiomyocytes is a highly feasible, promising therapeutic option for patients with advanced heart failure. The most successful cardiac reprogramming strategy will likely be a multimodal approach involving an optimal combination of cardiodifferentiating factors, suppression of fibroblast gene expression, and induction of angiogenic factors.
Introduction
Despite significant advances in the treatment of individuals with advanced heart failure, including increasing survival rates associated with heart transplant and mechanical circulatory support, a great unmet need exists to improve the quality and duration of the lives of patients with this condition affecting over one million Americans [1, 2] . The implantation of exogenous stem cell has for over a decade been the focus of efforts to Bbiologicallyê nhance heart function in patients with congestive failure, but ineffectual clinical applications of such strategies has fueled disenchantment with this cell delivery approach [3•]. The recently discovered capability to utilize various combinations of cellular reprograming transcription factors and other agents to directly transdifferentiate fibroblasts into (induced) cardiomyocytes (iCMs) offers the intriguing potential to convert abundant numbers of scar fibroblasts found in myocardial infarction zones into iCMs as a means of improving post-infarct ventricular function [4, 5] . Such a strategy would allow in situ cardiac cellular reprogramming without the need for exogenous cell implantation.
Options for myocardial regeneration
The concept of cellular reprogramming emerged from Dr. Yamanaka's innovative discovery that terminally differentiated cells may be reprogrammed into induced pluripotent stem (iPS) cells following overexpression of key transcription factors Oct4, Sox2, Klf4, and c-myc [6••]. Subsequently, Srivastava et al. discovered that three key factors, Gata4, Mef2c, and Tbx5 (GMT), were capable of directly reprogramming cardiac fibroblasts into contractile-induced cardiomyocytes (iCMs), bypassing the intermediate pluripotent state in a process called Btransdifferentiation^ [7••] . Encouragingly, intramyocardial injection of these reprogramming factors has led to a significant improvement in post-infarct ventricular function in rodent models [8•, 9-15] .
Direct cardiac cellular reprogramming may present significant advantages over other cardiac regenerative techniques, such as the implantation of stem cells (bone marrow derived or induced pluripotent), induction of existing cardiomyocyte proliferation, or engraftment of engineered tissue embedded with iPS cells, none of which have yet produced compelling outcomes in clinical trials. More specifically, the implantation of stem cells derived from bone marrow or other sources has failed to achieve clinically significant improvements in cardiac function in a variety of clinical trials [3•, 16] . These discouraging outcomes are thought to be related to inefficient cell delivery, low cell survival in an ischemic milieu, poor engraftment into native myocardium, and incomplete development by stem cells of cardiomyocyte structures [17•] .
If exogenous cell implants are derived from an allogeneic source, there is an additional concern of immunorejection, which may necessitate immunosuppressive medication. The risk of arrhythmia and the potential for teratoma formation, particularly for iPS cells, are other liabilities associated with exogenous cell delivery [17•, 18] . Finally, while the implantation of artificial tissue grafts embedded with stem cells or even engineered cardiomyocytes derived from iPS cells have been tested as a means of enhancing exogenous cell engraftment, many of the same barriers exist to the success of this strategy as are found in non-embedded cell implantation strategies, including poor electrical integration of graft cells into the host myocardium [19] .
In the context of the normally exceedingly infrequent incidence of adult cardiomyocyte replication (G1 %), the possibility of inducing resident cardiomyocyte proliferation through modulation of cell cycle reentry represents an alternative strategy to biologically enhance post-infarct myocardial function [20, 21] . While in vitro and small animal testing of this strategy are encouraging, clinical trials to induce cardiomyocyte replication have not yet begun and may potentially be hindered by the risk of promiscuous or excessive cell replication resulting in tumorigenesis [21] .
Direct cardiac cellular reprogramming
Initial studies of direct cellular reprogramming reported by Srivastava as well as others noted reprogramming efficiencies only in the range of approximately 7 % of treated fibroblast target cells, as assessed by the expression by these cells of cardiomyocyte-specific markers such as cardiac Troponin T (cTnT) [7••, 22 ]. An even smaller proportion (G1 %) of cells treated with reprogramming factors were found to be contractile, although this number could for example be enhanced by co-culturing with embryonic cardiomyocytes, presumably on the basis of exposure to an extracellular milieu more conducive to cardiodifferentiation [23] .
Following on these initial reports, a growing number of subsequent studies attempted to increase the efficiency and quality of reprogramming through the addition of enhancing cardio-differentiating factors, or downregulation of genes that regulate the native fibroblast signature, with varying degrees of effectiveness (Table 1) . These efforts were largely based upon the addition of various potential cardiac-differentiating factors that were derived from analyses of relevant drivers of embryologic cardiac differentiation.
Song et al. for example reported that addition of Hand2 to GMT enhanced the efficiency of reprogramming by threefold, as evidenced by the percentage of cTnT + cells identified by flow cytometry (i.e., ∼25 % of cells were cTnT + after treatment with GMT + Hand2 vs ∼10 % after GMT treatment) [10] . Similarly, Addis et al. reported that addition of Nkx2.5 and Hand2 to GMT was nearly 50-fold more efficient than GMT alone, based on calcium activity [28] . Others confirmed that Myocardin not only enhanced reprogramming but could also replace other reprogramming factors, thereby reducing the total number of factors needed to induce reprogramming [29] [30] [31] . Taken together, the addition of select cardio-differentiating factors to GMT was found to enhance the generation of a cardiomyocyte phenotype from cardiomyocytes, as evidenced by improved reprogramming efficiency and the functional characteristics of iCMs.
Optimizing the Bdosage^of GMT or other reprogramming factors has also been pursued as a means of enhancing reprogramming efficiency. For example, as compared to the use of Bsinglet^vectors encoding individual transgenes, we and others have demonstrated that use of a Btriplet^vector encoding all three GMT reprogramming factors resulted in greater reprogramming efficiency (presumably because target cells needed to be infected with only one rather than three vectors), more mature development of sarcomeric structures (e.g., as demonstrated by α-actinin immunofluorescence), and nearly a threefold greater increase in post-infarct ventricular function [14, 15] .
Two other studies further confirmed that differential overexpression of Mef2c in relation to Gata4 and Tbx5 results in more rapid and increased formation of contractile iCMs [24, 26] . Specifically, Wang et al. demonstrated that stoichiometric rearrangement of a GMT triplet retroviral vector to MGT increased Mef2c expression and was associated with a 10-fold increase in the number of contractile iCMs [24] . Other studies suggest that suppression of fibroblast gene expression may be as important as optimization of cardio-differentiating factors in enhancing iCM reprogramming efficiency. Muroaka et al. elegantly demonstrated a sixfold enhancement of reprogramming following microRNA 133 (miR-133)-mediated downregulation of Snai1, a master regulator of epithelial-to-mesenchymal transition and promoter of profibroblast gene expression [38] . Downregulation of the fibroblast signature by targeting transforming growth factor-β (TGFβ) or Rho-associated kinase pathways has similarly been shown to enhance the efficiency and quality of cardiac reprogramming [32, 33] .
While most of the aforementioned approaches have used integrative retroviral or lentiviral vectors to deliver reprogramming genes to target cells, several other investigators have employed transient expression of miRNA or small molecules to, respectively, induce transdifferentiation via non-integrative genetic strategies and non-genetic strategies altogether. Jayawardena et al. for example demonstrated that transient transfection of miR-1, miR-133, miR-208, and miR-499 can reprogram fibroblasts into iCMs albeit at a low efficiency [12] . We likewise recently demonstrated that miR-590 could enhance GMT-mediated cellular reprogramming [Singh et al., 2016, unpublished] . We have also recently demonstrated that non-integrating adenoviral vectors could be used to robustly induce cellular reprogramming, which is of interest not only because of the clinical relevance of such vectors but also because it reflects the apparently transient requisite period of exposure of target cells to reprogramming agents [Mathison et al., 2016, unpublished] .
The first report of utilization of small molecules to induce reprogramming, which were combined with administration of the Yamanaka factor Oct4, targeted epigenetic modulation to enhance reprogramming gene activation and transdifferentiation efficiency [34] . Subsequent studies have utilized chemical cocktails without any transcription factors to induce reprogramming in both murine and human fibroblasts through epigenetic modulation [35, 42] . Such chemically induced cardiomyocyte-like cells (CiCMs) may be a harbinger of future inventive approaches in cardiac reprogramming.
In vivo efficacy of direct cardiac reprogramming
Perhaps the most convincing evidence of the potential clinical efficacy and relevance of cardiac regeneration through direct cardiac reprogramming lies in in vivo studies, which have reproducibly demonstrated improved ventricular function and reduced fibrosis in rodent infarct models [7••, 8•, 9-14] . Although the efficiency of GMT and other reprogramming cocktails in inducing iCM generation in vitro has been reported to be relatively low, intramyocardial injection of these reprogramming factors in infarct rodent models has resulted in approximately a 15-25 % improvement in ejection fraction and 50 % reduction in fibrosis relative to controls [8•, 9, 10, 12-15] .
Characterization of the regenerated myocardium in fibroblast lineagetracing models confirmed the fibroblast origin of iCMs, and was found in up to 35 % of fibroblasts in the infarct border zone [8•] . Further analyses has shown that these outcomes were not simply due to the division of pre-existing cardiomyocytes, the fusion of fibroblasts with cardiomyocytes, or the reprogramming of cardiac progenitor cells, which only comprise less than 1 % of the total cells in the heart [8•, 10, 43] . These data encouragingly suggest that the in vivo microenvironment is more permissive to cardiac reprogramming than in vitro conditions [8•, 9, 10, 12-15] . Scar fibroblasts may also be more permissive to transdifferentiation compared to cultured fibroblasts but further investigation is still necessary. Interestingly, a significant but still unexplained reduction in fibrosis which seems to far exceed the extent of iCM generation has also been observed in nearly all reprogramming studies reported to date. This observation will be inevitably addressed in future reprogramming studies.
Furthermore, we have shown that prevascularization of the infarcted region (with adenovirus encoding vascular endothelial growth factor [VEGF]) potentiates the effect of reprogramming with GMT, resulting in a larger increase in EF% (17 vs 4 % relative to baseline) compared to GMT alone [13] . We have reasoned that such prevascularization brings critical nutrient supply to support the increased metabolic demand of iCMs compared to native fibroblasts in the infarct milieu and thereby supports the survival and function of these cells. Subsequent studies have shown that VEGF as well as other angiogenic peptides such as fibroblast growth factor (FGF) activate multiple cardiac transcriptional regulators through modulation of the p38 mitogen-activated protein kinase and phosphoinositol 3-kinase/AKT pathways, which may also enhance in vitro reprogramming [37] .
Barriers to clinical implementation and future direction
Although cardiac cellular reprogramming has progressed significantly in recent years, much investigation is still needed prior to clinical implementation. In particular, the recently discovered resistance of human cells to reprogramming is an important barrier to the clinical application of this heart failure treatment strategy [23, 38, [40] [41] [42] . The resistance of adult human cardiac fibroblasts to reprogramming compared to rodent cells may be related to the relatively more complex gene regulatory network of the former, which may include rigorous epigenetic barriers to reprogramming that likely normally serve, for example, to impede promiscuous gene activation and tumorigenesis [44] . Systemic gene surveys have for example revealed that over 956 genes encompassing multiple functions such as chromatin regulation, transcription regulation, intracellular signaling, and cell adhesion are opposed to reprogramming in human cells [45] .
While overcoming such barriers may be a daunting task, several studies have demonstrated early successes in overcoming these obstacles. In many cases, this barrier has been breached simply by adding additional reprogramming factors to treatment cocktails [23, 38, 40, 41] . More recently, we demonstrated that downregulation of the anti-plasticity factor p63 could be used to enhance reprogramming in murine and human cells, presumably on the basis of the ability to release chromatin-repressed gene activation [Patel et al., 2016, unpublished] . Zhou et al. likewise demonstrated that downregulation of Bmi1 leads to de-repression of key cardio-differentiating genes such as Gata4, Nkx2.5, Isl1, Pitx2, Tbx 20, and Hand2 [36] . Extension of similar strategies to bypass epigenetic barriers to human cellular reprogramming may be expected in future studies.
Without question, innumerable obstacles will need to be overcome before clinical trials of this new strategy might be contemplated. Longterm results regarding iCM survival and sustainable improvements in cardiac function will also need to be investigated. In this context, cardiac reprogramming studies, which have thus far been primarily focused on rodent models, will need to be advanced to a pre-clinical model reflective of the resistance of human cells to reprogramming and of human pathophysiology. Our recent observation that a porcine model might well serve as a surrogate for human studies is encouraging in this regard [Singh et al., 2016, unpublished] . Another potential concern is the risk of arrhythmogenicity due to incomplete or partial transdifferentiation of fibroblasts into iCMs. Although there have been no reports of arrhythmias in the limited number of in vivo studies performed, presumably due to the increased maturation of iCMs in vivo, efforts to enhance reprogramming efficiency and selectively produce ventricular cardiomyocytes over nodal cells or atrial cardiomyocytes are expected to address these concerns [46] .
Conclusions
Taken together, evidence from a growing number of studies in vitro and in small animal models suggests that direct cardiac cellular reprogramming offers a highly feasible therapeutic option for the treatment of patients with advanced heart failure. As opposed to the largely unsuccessful strategies of exogenous stem cell implantation or induction of cardiomyocyte proliferation, direct cardiac reprogramming focuses on the abundant population of largely quiescent cardiac fibroblasts found in infarction and border zones to create functional cardiomyocyte-like cells as a means of enhancing post-infarct ventricular function. Given the multifactorial effectors of this strategy, such an approach may well evolve into a multimodal approach involving (1) upregulation of cardio-differentiating factors, (2) downregulation of pro-fibrotic genes, and (3) adjuvant therapy with angiogenic factors to optimize cardiac regeneration. Modulation of epigenetic barriers in human cells will undoubtedly dictate the success of these strategies, but initial results are highly encouraging for a field that is currently barely 6 years old.
